Introduction
Mollicutes are bacteria that lack a cell wall and typically form close associations with animal and plant hosts as commensals or parasites (Razin et al., 1998) . Taxonomically, the Mollicutes are currently classified as the only class within the phylum Tenericutes, however the phylogeny of ribosomal rRNA genes and proteins places the Mollicutes as members of the Firmicutes and close relatives of the firmicute class Erysipelotrichia (Ogawa et al., 2011; Davis et al., 2013; Yutin and Galperin, 2013) . Most cultured Mollicutes can be divided into four main clades based on 16S rDNA sequences: the hominis group, which contains some members of the genus Mycoplasma; the pneumoniae group, which includes some Mycoplasma and the Ureaplasma; the spiroplasma group, which includes the genera Spiroplasma, Entomoplasma and Mesoplasma; and the anaeroplasma group, which includes the genera Anaeroplasma, Acholeplasma and Candidatus Phytoplasma (Davis et al., 2013) . There are also a number of peripheral clades that contain cultured organisms such as Haloplasma contractile (H. contractile), Turicibacter sanguinis (T. sanguinis) and clades known only through environmental community profiling of 16S rDNA, such as 'RF9' and 'NB1-n' (naming based on the SILVA 119 database).
The most widely studied Mollicutes, the Mycoplasma, are important as medical and agricultural parasites that have adapted to host-associated environments where nutrients are readily available. Parasitic Mollicutes have undergone significant genome reduction that has resulted in the loss of most biosynthetic pathways for nucleotides, amino acids and fatty acids, as well as functions likely present in their firmicute ancestors such as sporulation and cell wall production (Razin et al., 1998) . The very smallest Mollicutes species contaiñ 500 kbp genomes that have been of great interest for synthetic biology (Gibson et al., 2010) and as model organisms for determining the minimal genetic content required for life (Glass et al., 2006) . However, analysis of other mollicute clades has revealed a broader range of genome sizes; the Acholeplasma have an average genome length of~1.2 Mbp, while closely related organisms, T. sanguinis and H. contractile have 2.9 and 3.2 Mbp genomes, respectively (Antunes et al., 2011; Cuív et al., 2011; Lazarev et al., 2011; Kube et al., 2013) .
The metabolisms of all previously studied Mollicutes exclusively rely on substrate-level phosphorylation for ATP generation. Mollicute genomes sequenced to date lack a complete tricarboxylic acid cycle and cytochromes or quinones for use in oxidative phosphorylation (Razin, 2006) . Respiration is achieved through the fermentation of carbohydrates, small organic acids or through the arginine dihydrolase pathway (Razin, 2006) . In the Ureaplasma, an alternative pathway exists that couples urea hydrolysis with the generation of a membrane potential to generate ATP (Smith et al., 1993) .
Recently, H. contractile, a wall-less bacteria phylogenetically affiliated with the Mollicutes was cultured from the brine-sediment interface of the Red Sea (Antunes et al., 2008) . Genome sequencing and phylogenetic analysis of H. contractile revealed some features common to Mollicutes such as a lack of a cell wall, however its large genome size and lack of known host organism were inconsistent with classification as a member of the Mollicutes (Antunes et al., 2008 (Antunes et al., , 2011 ). Haloplasma appears to be a basal lineage of the Mollicutes and is most closely related to T. sanguinis (a gram positive firmicute) and several other environmental clades. One of these clades, 'NB1-n' contains~100 sequences from 16S rDNA environmental surveys from diverse habitats such as marine and freshwater sediments, hypersaline microbial mats, rumen and anaerobic digester sludge. Here we present genome sequences of two representatives of clade 'NB1-n', reconstructed from metagenomic sequencing of marine methane seep sediment communities. These two genomes are more metabolically diverse than known Mollicutes and do not appear to be hostassociated. However, they branch with members of the Acholeplasmatales when using conserved ribosomal and non-ribosomal genes and lack a cell wall, the distinctive phenotypic feature of Tenericutes.
Materials and methods

Sample collection and incubation
Methane seep sediment samples, labeled 3730, 5133-5 and 5579, were collected from Hydrate Ridge, off the coast of Oregon on two separate cruises, AT 15-68 in August 2010 for 3730 and AT 18-10 in September 2011 for 5579 and 5133-5. Seep sediment was collected using the HOV Alvin (2010) or ROV Jason II (2011) with a push core and immediately processed shipboard as described previously (Orphan et al., 2001) . Sample 3730 was collected on dive AD4635 within a Calyptogena clam bed from Hydrate Ridge south (44°43.09N; 125°9.14W; depth 776 m), and 5133-5 and 5579 were collected from a white microbial mat at Hydrate Ridge north, station 7 (44°40.03N; 125°6.00W; depth 600 m). Discrete sediment horizons from each of the cores were transferred to glass pyrex bottles (1 L), sparged with methane and stoppered with a butyl rubber stopper. Sediments were maintained at 4°C in the dark until processing in the lab for large-scale microcosm experiments. For sample 3730, sediment from 0 to 6 cm depth was combined and used in a 30-month microcosm incubation experiment with a methane headspace before DNA extraction and metagenome sequencing. For sample 5133-5, the 0-9-cm sediment horizon was collected and incubated for 15 months before DNA extraction. For sample 5579, 0-12 cm sediment was collected and incubated for 15 months. Sediment microcosm incubations from all samples were mixed 1:3 with anoxic 0.2 μm filtered bottom water to make a slurry and maintained anaerobically, with a 2-atm overpressure of methane at 4°C. DNA was extracted from the sediment slurry using the MO BIO Powersoil DNA extraction kit (cat # 12888; MO BIO Laboratories Inc., Carlsbad, CA, USA). Extracted DNA was further purified using a CsCl gradient before metagenome library preparation (Saunders and Burke, 1990) .
Sequencing and assembly of Izimaplasma genomes
Extracted DNA from samples 3730, 5133-5 and 5579 were sequenced using Illumina HiSeq2000 platform (Illumina, Inc., San Diego, CA, USA) at the University of Queensland, Australia. Samples 3730 and 5133-5 were further sequenced a second time at Argonne National Laboratory to increase sequencing depth. Raw sequencing reads were quality trimmed (using a threshold of 0.05) and assembled using CLCBio genomics workbench 6.0 (www.clcbio.com).
Sequencing reads from each metagenome were assembled individually and two assemblies were performed by combining sequencing reads from the three data sets sequenced at the University of Queensland and all five data sets sequenced at both Argonne and the University of Queensland. For each assembly, the raw sequencing reads from all data sets were aligned to contigs 4500 bp with BWA 0.7.5a (Li, 2013) using the 'mem' algorithm and converted into bam files using samtools 0.1.19 (Li et al., 2009) . These bam files were used as input for GroopM 0.2 , which generated genome bins. The 'refine' command in GroopM was used to improve the genome bins manually by removing contigs with unusual coverage or tetramer frequencies. The completeness and contamination of genome bins was determined using CheckM 0.6.0 .
The Izimaplasma sp. HR1 genome was further improved with additional genome finishing and reassembly. The draft Izimaplasma sp. HR1 genome contained four pieces, including a single doublecopy transposon. Analysis of paired-end read mapping from Izimaplasma sp. HR1 suggested an order of the contigs. The orientation a single contig bordered by the transposon was confirmed by designing PCR primers on either side of the transposon for both of the possible orientations.
Genome annotation and pathway analysis
The two Izimaplasma genomes were annotated using Prokka 1.10 (Seemann, 2014) and the KAAS web annotation server (Moriya et al., 2007) . Prokka used as components: Prodigal 2.5 (Hyatt et al., 2010) , Aragorn 1.2.34 (Laslett and Canback, 2004) , SignalP 4.0 (Petersen et al., 2011) , hmmer 3.0 (http://hmmer. org) and blast+ 2.2.26 (Camacho et al., 2009) . As a supplement to this annotation, the KAAS web server was used to determine KEGG orthologies and map genes onto KEGG pathways. The genetic code of both genomes was determined using FACIL (Dutilh et al., 2011) . Orthologs were detected between Izimaplasma and other mollicute genomes sourced from Integrated Microbial Genomes (IMG) and NCBI genomes databases using proteinortho 5.0 (Lechner et al., 2011) . Metabolic pathways from previously sequenced mollicute genomes were compared using the PATRIC web server (Wattam et al., 2014) .
16S rRNA gene tree construction
The two Izimaplasma 16S rRNA gene sequences were imported into ARB 6.0.2 (Ludwig et al., 2004) and aligned in ARB using a PT server generated from the SILVA 119 release database. A maximum likelihood tree of all sequences in SILVA 119 that were part of the 'NB1-n' clade was generated with RAxML 8.1.7 (Stamatakis, 2014) with 100 replicates of the rapid bootstrap analysis and GTR+GAMMA model of substitution rates (commandline: raxmlHPC-PTHREADS-AVX -f a -k -x 12345 -p 12345 -N 100 -m GTRGAMMAI). In addition, a second tree was constructed with RAxML independent of the SILVA alignment. Sequences from the Tenericutes, Erysipelotrichia, and representative Firmicutes and Actinobacteria were aligned with Infernal v1.1.1 (Nawrocki and Eddy, 2013) using the bacterial covariance model provided by the Ribosomal Database Project (RDP; https://rdp.cme.msu.edu/misc/resources.jsp#a ligns). A phylogenetic tree was constructed using RAxML with the following parameters: raxmlHPC-PTHREADS-SSE3 -f a -k -x 67842 -p 19881103 -N 100 -T 16 -m GTRGAMMAI.
Genome tree construction
The genome tree was constructed from a concatenated alignment of 38 protein-coding genes that are universally distributed and in a single copy in both archaea and bacteria (Wu et al., 2013) . The basis for the tree included both draft and finished genomes from the NCBI and IMG databases that were part of the Tenericutes and phylogenetically related members of the Firmicutes. The marker genes were identified in each genome using hmmer 3.0 with the 'hmmalign' command (http://hmmer.org). A maximum likelihood tree was created using FastTree 2.1.7 (Price et al., 2010) with the default settings.
RpoB and EF-tu tree construction RpoB or EF-tu sequences were identified in genomes downloaded from IMG genomes using the hidden markov models (HMMs) TIGR02013, TIGR03670 and TIGR00485 from TIGRfams (http://www.jcvi.org/cgibin/tigrfams/index.cgi). EF-tu sequences were aligned using hmmalign (http://hmmer.org), with the TIGRfam model (TIGR00485). RpoB sequences were aligned using muscle 3.8.31 (Edgar, 2004) . Phylogenetic trees were constructed using FastTree 2.1.7 (Price et al., 2010) .
Cytochrome bd oxidase tree construction Sequences belonging to PF01654 were downloaded from Pfam (http://pfam.xfam.org/family/PF01654/ alignment/long/gzipped) and were clustered using cd-hit 4.6.1 (Li and Godzik, 2006) at 90% identity to generate a representative set of sequences from previously published genomes. The same HMM was used to search against open reading frames translated from the contigs of the metagenomes using hmmsearch 3.1. Significant (o1e-100) complete protein sequences were added to the representative set of published sequences, aligned using muscle 3.8.31 and a phylogenetic tree was constructed using FastTree 2.1.7.
Fluorescence in situ hybridization
A FISH oligonucleotide probe, Izzy659 (5′-ATTCCA CTAACCTCTGCC-3′), was designed to target some members of the 'NB1-n' clade that contained the two genome representatives. Using the SILVA 119 database and the probe design tool in ARB 6.0.2 (Ludwig et al., 2004) we designed a probe that targeted 15 16S rRNA sequences, including the two genome representatives (Supplementary Figure S2) . FISH hybridization was performed on sediment #5579-an anaerobic incubation maintained with a 2-atm methane headspace at 4°C. #5579 samples were fixed with 3% formaldehyde for 1.5 h at 4°C, washed with 1 × phosphate-buffered saline, and stored in 1:1 1 × phosphate-buffered saline:ethanol. The optimal formamide concentration for the Izzy659 probe was determined empirically through FISH hybridizations at 20%, 30% and 40%. Formamide concentrations of 30% gave the brightest fluorescence signal. FISH hybridizations were performed on glass slides at 46°C for 2 h using the protocol described in Pernthaler et al. (2001) with 5 ng ml − 1 of Eub338-FITC and Izzy659-Cy3 and a formamide stringency of 30%. Slides were dried in the dark and then counterstained with 5 mg ml − 1 of 4′,6′-diamidino-2-phenylindole (DAPI) in CITI-FLUOR (http://citifluor.com/) mounting medium. Positively hybridized cells were imaged using an Olympus BX51 epifluorescence microscope at × 1000 magnification using an Olympus UPlanFL N 100X objective fitted with a gray scale camera. Individual color channels were merged using Fiji 2.0.0-rc-19 (http://fiji.sc).
Electron cryomicrography
Cells were concentrated by centrifuging 2 × 1 ml aliquots of culture at 10 000 g for 5 min and were resuspended in 0.15 ml supernatant. Twenty microliters of a concentrated cell suspension was mixed with BSA-treated colloidal gold and applied to R2/2 copper quantifoil EM grids (Quantifoil Micro Tools, Großlöbichau, Germany). Excess liquid was blotted with filter paper and plunged into a liquid ethane/ propane mixture (Tivol et al., 2008) either manually or using a Vitrobot (FEI Company, Hillsboro, OR, USA). Images were recorded using an FEI G2 (FEI Company) 300 kV field emission gun electron microscope equipped with a Gatan imaging filter and either a 4 x4 k UltraCam or a K2 Summit counting direct electron detector camera (Gatan, Pleasanton, CA, USA). Data were collected using digital micrograph and UCSFtomo software (Zheng et al., 2007) . Cumulative electron doses of~160 e -Å − 2 or less were used for each tilt series. The images were processed using the IMOD software package (Kremer et al., 1996) .
Izimaplasma enrichment media
Izimaplasma were enriched from Hydrate Ridge methane seep sediment sample #5579 using a media composed of artificial seawater amended with glucose (5 g l . Enrichment bottles (30 ml media in 70 ml serum bottles) were incubated at 10°C under 200 kPa of N 2 headspace.
Community profiling DNA was extracted from the enrichment cultures using the MO BIO PowerSoil DNA isolation kit (MO BIO Laboratories Inc.; cat. no. 12888-50) according to the manufacturer's instructions. Sequencing was performed using the Illumina MiSeq platform according to the earth microbiome project specification; see Mason et al. (2015) for a full description of the sequencing and bioinformatics processing of the data.
Data availability
The genome sequences for Izimaplasma sp. HR1 and HR2 are available on NCBI as CP009415 and JRFF01000000, respectively. The metagenomic data is available on NCBI under the bioproject accession PRJNA290197.
Results
Phylogeny of methane seep Tenericutes
Metagenomic assembly and binning resulted in two distinct, highly complete population genome bins, designated HR1 and HR2, that were affiliated with the Tenericutes based on phylogenetic analysis of the 16S rRNA gene and a concatenated protein alignment of 38 universally distributed single-copy genes (hereafter referred to as a genome tree; Figure 1 ; Supplementary Figure S1 ; Supplementary  Table S1 ). Initial placement of the 16S rRNA gene using the SILVA 119 database and ARB parsimonious insertion tool revealed that the genomes were members of a clade known as 'NB1-n' (clade referred to as RF3 in the greengenes database) that were comprised solely of environmental 16S rRNA sequences (Supplementary Figure S2) . 'NB1-n' is defined as an order-level group in the SILVA 119 database that contains sequences derived from mesophilic anaerobic digesters, landfill, animal rumen and saline sediments (Supplementary Figure S2) . The genome tree places HR1 and HR2 as a sister group of the Acholeplasmatales with H. contractile and T. sanguinis branching more deeply (Figure 1) . Realignment of the 16S rRNA gene using the protocol of the Ribosomal Database Project (RDP) and phylogenetic construction of clade 'NB1-n' with cultured Tenericutes, some Firmicutes and Actinobacteria supported the placement of clade 'NB1-n' as a sister group of the Acholeplasmatales; however, in this tree H. contractile and T. sanguinis branch within clade 'NB1-n' as defined by SILVA 119 (Figure 2) .
The phylum Tenericutes was defined in part by using non-ribosomal protein markers that showed that members of the Mollicutes were phylogenetically distinct from the Firmicutes (Ludwig and Schleifer, 2005) . Further phylogenetic analysis of HR1 and HR2 using the beta subunit of the RNA polymerase (rpoB) and elongation factor Tu (EF-Tu) placed HR1 and HR2 basal to members of the acholeplasmas (Supplementary Figure S3 ; Supplementary Figure S4 ). The broader phylogeny of RpoB revealed that the Mollicutes are polyphyletic; members of the genus Mycoplasma branch deeply, and separate from the Firmicutes, in agreement with previous phylogenetic analysis (Ludwig and Schleifer, 2005) ; while members from the Acholeplasma, Entomoplasma and Candidatus Phytoplasma branch within the Firmicutes. The EF-Tu phylogeny places the Mycoplasma and Acholeplasma in two distinct clades, separated by members of the Erysipelotrichia and some bacilli. Based on the unique phylogenetic position of these two genomes, we propose the names Candidatus 'Izimaplasma sp. HR1' and Candidatus 'Izimaplasma sp. HR2' (Izima-, Greek for sediment; -plasma, formed or molded, refers to the lack of cell wall) for the two genome sequences presented here.
Genome-based metabolic reconstruction of Izimaplasma The two Candidatus 'Izimaplasma' genomes (referred to as Izimaplasma sp. HR1 and Izimaplasma sp. HR2 hereafter) are comparatively larger than most other Mollicutes, at 1.8 and 2.1 Mbp (Supplementary Table  S1 ; Supplementary Figure S6) , however, they are of similar size to some members from the Acholeplasmatales, which are phylogenetically the closest recognized Tenericute clade. Like the Acholeplasmateles, the Izimaplasma genomes use the bacterial genetic code with UGA as a stop codon rather than encoding for tryptophan (Supplementary Figure S7) . Both genomes contain hallmarks of genome streamlining, including a GQ132238  GQ132251  FN667366  EU219961  GQ138275  FN667374  JF417903  FJ224082  JX576039  HF558631  HQ697794  CU917879  CU923742  JQ072354  GQ133380  GQ133417  HM008756  EU473577  EF586032  AM982587  JX575992  HF558547  GQ132432  AB742068  GQ138306  HE681226  EU460128  EU460179  JX096326  AB009230  JQ337313  JX096375  EU464449  GQ451208  FJ366026  HQ785575  DQ801021  CU922124  CU922628  CU921110  AB555016  GQ448875  EU219945  EU522661  HM127672  HM127395  KC358220  KC358201  KC358310  KC358307 Figure S6) and a small number of repetitive elements, with Izimaplasma sp. HR1 containing a single multi-copy transposon, which facilitated the highly contiguous metagenomic assembly and genome finishing. Reconstruction of metabolic pathways in the genomes resulted in a predictive model of the central carbon metabolism reliant on fermentation of simple sugars, similar to other Tenericutes (Figure 3) . The two Izimaplasma genomes contained a complete set of genes to perform the Embden-Meyerhof-Parnas (EMP) pathway for glycolysis and a complete pentose phosphate pathway. The tricarboxylic cycle was incomplete in the Izimaplasma genomes, with lactate being the probable end point of fermentation (Figure 3 ). Both Izimaplasma genomes predicted the ability to metabolize glucose, sucrose and maltose as carbon sources. In addition, Izimaplasma sp. HR1 has the genes to utilize fructose and trehalose, while Izimaplasma sp. HR2 contained the genes to metabolize galactose and cellulose (Figure 3 ). Both genomes also contained the arginine dihydrolase pathway that has been previously described in Figure 3 Model predictions of the central metabolism inferred from Izimaplasma genomes. Both genomes illustrate the potential for metabolizing a variety of simple sugar compounds that feed into the Embden-Meyerhof-Parnas glycolysis pathway (symbolized by black circles). Reducing equivalents (NADH) generated through glycolysis can be oxidized either by the conversion of acetate to ethanol, using a membrane-bound, sodium-pumping NADH:Ferredoxin oxidoreductase (RNF complex) or by a proton-pumping NADH:Quinone oxidoreductase (complex I). Both complex I and the cytochrome bd oxidase interact with the quinone pool, however no quinone synthesis genes were identified in the genome. Two types of hydrogenases act in catabolism to regenerate oxidized ferredoxin, or in anabolism to regenerate NADPH used during lipid and nucleotide synthesis. Izimaplasma sp. HR2 contains a protein microcompartment that links the degradation of DNA or RNA to the production of acetyl-CoA and intermediates of glycolysis. 2DR5P, 2-deoxy-D-ribose 5-phosphate; DHAP, dihydroxyacetone phosphate.
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Mollicutes as a source of ATP through the oxidation of arginine to ammonia (Razin, 2006) . Reducing equivalents generated by anaerobic fermentation have the potential to be converted to hydrogen by Izimaplasma. Both of the Izimaplasma genomes contain two types of iron hydrogenases along with hydrogenase maturation genes (hydEFG). The first hydrogenase couples with ferredoxin and could be used to remove excess reducing equivalents during anaerobic fermentation (Figure 3) . The second hydrogenase is linked with NADP and suggests that it may generate NADPH for the production of biomolecules (Figure 3 ; Malki et al., 1995) . Hydrogenases are not present in mollicute genomes but are found in Erysipelotrichales, H. contractile and T. sanguinis (Supplementary Figure S8) .
Both Izimaplasma genomes contained homologs of the sodium translocating NADH:Ferredoxin oxidoreductase (RNF complex) and the proton translocating NADH:Quinone oxidoreductase (complex I). The RNF complex has been described from the genomes of some Acholeplasmatales and many of the Erysipelotrichales; however, complex I has not been found in any previously described mollicute (Supplementary Figure S8) . The Izimaplasma genomes encoded three copies of the RNF complex, two of which contained the same operon structure (rnfCDGEAB) seen in clostridium species (Biegel et al., 2011) . The third copy of the rnf gene cluster lacked the rnfC subunit and instead contained homologs of cytochrome bd oxidase (appCD). RnfC is an iron-sulfur, flavin mononucleotide containing protein that is responsible for oxidizing NADH (Reyes-Prieto et al., 2014), without this subunit this copy of the RNF complex may not be functional or may need to be compensated by the RnfC subunit found in the other two operons.
Phylogenetic reconstruction of the cytochrome bd oxidase protein AppC revealed that the closest relative of the Izimaplasma cytochrome bd oxidase was to Methanosarcina acetivorans, a member of the archaeal order Methanosarcinales (Supplementary Figure S9) . However, the low (~30%) percentage identity and long branch length between the two proteins suggests that this was not due to a recent horizontal gene transfer between these two organisms. A search of other AppC in all of the metagenomic contigs failed to identify a more closely related AppC than the M. acetivorans protein, which suggests that Izimaplasma has not acquired these genes through a recent lateral gene transfer from other members of the sediment community.
The subunits for complex I were split into two separate operons, with the majority of the subunits (nuoKNLHBCD) comprising the P-and Q-modules found adjacent to a sodium-proton antiporter (mnhEFGB) and the subunits of the N-module (nuoEFG) found in a separate operon. Four subunits (nuoAIJM) from the P-and Q-modules could not be identified, however the adjacent sodium-proton antiporter is the evolutionary progenitor of the P-module of complex I (Moparthi and Hägerhäll, 2011) , it is possible that these genes function as part of complex I in Izimaplasma. Comparisons of the complex I subunits to previously sequenced genomes showed highest similarities to members of the Thermotogae and Thermoanaerobacteriales. The larger operon containing nuoKNLHBCD were most closely related to Marinitoga piezophilla (phylum Thermotogae; average 60% amino acid identity), which also contains the same gene order as the operon in Izimaplasma, whereas the operon containing the N-module (nuoEFG) were most closely related to Mahella australiensis (phylum Firmicutes, order Thermoanaerobacteriales).
In other organisms, complex I and cytochrome bd oxidase interact with the quinone pool, however Izimaplasma lacked a complete quinone synthesis pathway. Both Izimaplasma genomes contain the non-mevalonate (MEP/DOXP) pathway to generate the quinone precursors Isopentenyl-PP and Dimethylallyl-PP, but do not contain the rest of the pathway. Complex I and cytochrome bd oxidase may be nonfunctional without internal quinone production, an alternative electron carrier, or an external source of quinone.
Protein microcompartment for nucleotide metabolism Both Izimaplasma genomes contained similar metabolic potential, however Izimaplasma sp. HR2 contained an additional large operon, comprised of 14 genes that appeared to encode a protein microcompartment. Bacterial microcompartment genes have been identified in many microorganisms and appear to be horizontally transferred (Kerfeld et al., 2010) . These protein-based compartments encapsulate enzymes and cofactors to promote specific metabolic pathways including carbon fixation, 1,2-propanediol, ethanol and ethanolamine metabolism and are found in~20% of sequenced genomes (Stojiljkovic et al., 1995; Seedorf et al., 2008; Kerfeld et al., 2010; Erbilgin et al., 2014) . With the exception of carbon fixation, the other metabolic pathways encapsulated within microcompartments produce aldehyde intermediates that may be toxic to the cell. It has been proposed that encapsulating these reactions within a microcompartment protects the cell from these intermediates and allows for a more efficient metabolism of these compounds (Kerfeld et al., 2010) . Izimaplasma sp. HR2 contained a 10-kbp operon containing structural genes for generating a microcompartment plus a number of catalytic genes (Figure 4 ). An aldehyde dehydrogenase was found in this operon that suggests that Izimaplasma sp. HR2 also uses a microcompartment for detoxification purposes. However, examination of the other catalytic genes in the microcompartment-associated operon pointed to the possibility of an alternate, previously undescribed metabolism related to nucleic acid degradation. A complete pathway was predicted that would enable strain HR2 to convert 2-deoxy-Dribose 5-phosphate, an intermediate in nucleotide metabolism to dihydroxyacetone phosphate, an intermediate in glycolysis. The first step in this reaction, the conversion of 2-deoxy-D-ribose 5-phosphate to D-glyceraldehyde 3-phosphate produces acetaldehyde as a byproduct (Figure 4) . Acetaldehyde can then be converted to acetylCoA using the acetaldehyde dehydrogenase (ntuD) and utilized along with dihydroxyacetone phosphate as carbon and energy sources. Two genes in the Izimaplasma sp. HR2 microcompartment operon (ntuEO) could be utilized for the purposes of recycling cofactors vitamin B12 and Coenzyme A (CoA), which is consistent with previous reports that microcompartments contain their own pool of cofactors (Huseby and Roth, 2013) . Despite only being present in Izimaplasma sp. HR2 genome, the protein microcompartment operon does not appear to add novel metabolic functionality as the ability to metabolize 2-deoxy-D-ribose 5-phosphate is also present in the Izimaplasma sp. HR1 genome. Furthermore, homologs of phosphate acetyltransferase (ntuO) and deoxyribosephosphate aldolase (ntuJ) genes are found in the majority of mollicute genomes (Supplementary Figure S8) but not associated with structural microcompartment genes. Although these genes appear consistent with the degradation of nucleotides within the microcompartment, cultivation of a representative of HR2 may be required to better understand the function of this ultrastructural feature.
Visual identification and enrichment cultivation of Izimaplasma
The occurrence of members of clade 'NB1-n' in the #5579 incubation was assessed by FISH microscopy using a newly designed oligonucleotide probe 'Izzy659' targeting members of this clade (Supplementary Figure S2) . A small number of coccoid-shaped cells (0.6-1 μm diameter) were positively hybridized in the seep sediment, observed either as single cells or doublets ( Figure 5 ). To try and culture this organism, we used the predicted metabolism and phenotype from the HR1-and HR2-annotated genomes as a guide for designing enrichment medium, adding simple sugars (for example, glucose) as a carbon source and cell wall acting antibiotics to select for members of the Tenericutes. After a 6-week incubation at 10°C, the community was dominated by two cell types: small coccoid cells (0.5-1.0 μm diameter) that positively hybridized to the 'NB1-n'-specific probe, and larger coccoid cells that only hybridized to the general bacterial probe ( Figure 5 ). This community composition remained stable for over five passages through new enrichment media and isolation attempts are still ongoing. Illumina 16S rRNA gene sequencing (iTAG) confirmed our FISH observations, with~60% of the recovered reads in the incubations assigned to clade 'NB1-n' (Supplementary Figure S5) . There were three 'NB1-n' operational taxonomic units Figure 4 Proposed model of DNA/RNA degradation by the protein microcompartment found in Izimaplasma sp. HR2. The operon encoding the structural and catalytic genes of this microcompartment, which we propose to call the nucleotide utilizing operon (ntu), is shown below. The reactions catalyzed by this operon are shown above and labeled with the protein that catalyzes each reaction. Two proteins for cofactor recycling (NtuE, NtuO) are also found; however, the protein requiring a cobalamin cofactor is unknown (represented by ?). AdoCbl, adenosylcobalamin; OH-Cbl, hydroxocobalamin.
Novel Tenericutes from ocean sediments CT Skennerton et al defined from the iTAG data, one of which was dominant, accounting for 90% of the 'NB1-n' sequences and was 98% identical to the region of the 16S rRNA gene recovered from the HR1 genome bin. Electron cryotomography of the enrichment culture confirmed the presence of coccoid cells lacking a cell wall, with a membrane architecture comparable to the Mollicute, Mycoplasma pneumonia ( Figure 6 ). Representative cells of 'NB1-n' in the enrichment analyzed by electron cryotomography were 1 μm in diameter and devoid of any discernable intracellular structure.
Discussion
Members of the class Mollicutes are some of the smallest self-replicating organisms discovered in nature (Razin, 2006) . Currently described isolates have been recovered from a variety of plant and animal hosts, and many members are important to veterinary and agricultural sciences as pathogens (Razin et al., 1998; Razin, 2006) . Environmental clades, identified solely through 16S rRNA gene diversity studies, have been affiliated with the class Mollicutes. Sequences from one of these clades, 'NB1-n', have been previously reported from anaerobic digesters, hypersaline microbial mats, marine sediments and rumen (Supplementary Figure S2) . These environments, with the exception of rumen, are distinct from the plant-and animal-affiliated habitats that are well known environments for Mollicutes and raises the possibility that members of clade 'NB1-n' are free-living rather than host-associated organisms. Our work here using a combination of metagenomics and enrichment cultivation confirms the free-living nature of the Tenericutes-associated Izimaplasma, demonstrating that these microorganisms are capable of growth under cold, anaerobic conditions in the absence of a eukaryotic host. The taxonomy of Mollicutes has been a source of debate. Mollicutes are currently classified as the sole class within the phylum Tenericutes based on their unique phenotypic properties and the phylogeny of non-ribosomal phylogenetic markers (Ludwig et al., 2009) . Conversely, phylogenetic analysis of the 16S rRNA gene, 23S rRNA gene and a concatenated alignment of ribosomal proteins place the Mollicutes within the phylum Firmicutes, closely associated with the firmicute class Erysipelotrichia (Davis et al., 2013; Yutin and Galperin, 2013) . The observation that Mollicutes do not share a common root with the Firmicutes for some non-ribosomal proteins (Ludwig and Schleifer, 2005) is not fully supported with current genomic data ( Supplementary Figures S3  and S4 ). The RpoB phylogeny places Mycoplasma near the base of the bacterial tree, however the Acholeplasma branch with the Firmicutes. It has been proposed that the acholeplasmas were the first Mollicutes to diverge from an ancestral firmicute and that the Mycoplasma diverged through extensive genome reduction (Brown et al., 2011) . The positioning of the Mycoplasma near the base of the RpoB tree may be the result of accelerated evolution that can occur when bacteria become dependent on host organisms that obfuscates molecular phylogeny analysis (McCutcheon and Moran, 2012) . Despite the variability of phylogenetic placement of the Mollicutes, the Izimaplasma genomes branched consistently with members of the Acholeplasmatales. The next most phylogenetically related organisms, H. contractile and T. sanguinis, consistently branched together when using ribosomal or nonribosomal genes, which suggest that they may be more closely related than suggested by their current taxonomic classifications. Visual identification of Izimaplasma cells using FISH and electron microscopy showed that Izimaplasma were not associated with eukaryotes and carried the defining membrane architecture of all previously studied Tenericutesdistinct from the Gram-positive cell wall found within members of the Firmicutes (Figures 5 and 6) .
The size and metabolic completeness of the Izimaplasma genomes is comparable to free-living streamlined marine bacteria like Prochlorococcus and Pelagibacter (Supplementary Figure S6) . In contrast, bacteria that are more reliant on host organisms typically undergo genome reduction through the removal of core metabolic properties, and also tend to accumulate pseudogenes and have a higher overall percentage of non-coding DNA (reviewed in Giovannoni et al., 2014) . There are a number of unique metabolic features that distinguish Izimaplasma from the currently described hostassociated Mollicutes (Supplementary Figure S8) . Homologs to the Izimaplasma hydrogenases and the RNF complex were only detected in related bacteria including H. contractile and T. sanguinis as well as some representatives from the Erysipelotrichia (Supplementary Figure S8) . The presence of cytochrome bd oxidase and complex I in Izimaplasma is unique among all currently described Mollicutes (Supplementary Figure S8) . The Izimaplasma genes and their closest homologs from archaea, Thermotogae and Thermoanaerobacteriales showed lowsequence identity suggesting that these genes have not been recently laterally transferred, despite Izimaplasma being recovered from seep sediments dominated by methanotrophic ANME archaea. One possible explanation for these observations is that the ancestor of current Izimaplasma accumulated membrane-bound electron complexes from multiple donor organisms. It is also possible that a single, as yet unsequenced microorganism, was the single donor to Izimaplasma.
The presence of hydrogenases and electron transport complexes may provide Izimaplasma with multiple means of cycling redox-active electron carriers like ferredoxin and NAD(P)H. The presence of cytochrome bd oxidase and complex I suggests a simplified electron transport chain in Izimaplasma, where electrons from NADH are transferred to the quinone pool and are subsequently utilized by cytochrome bd oxidase to reduce oxygen (Figure 3) . This model has implications for the potential function of the F-Type ATPase in Izimaplasma, as in many Mollicutes, the F-type ATPase functions to maintain a proton gradient by hydrolyzing ATP, rather than through ATP generation (Pollack et al., 1997) . In Izimaplasma, the presence of multiple membrane-bound ion pumping complexes could drastically change how Izimaplasma generates ATP. The activity of these ion pumping complexes may allow for a sufficient proton gradient for the ATPase to generate ATP.
One inconsistency with this model is the absence of a complete quinone synthesis pathway in the Izimplasma genomes. If indeed this predicted complex I and bd cytochrome oxidase are functional in Izimaplasma, a source of quinone must be acquired from an external source-perhaps passaged through associations with other organisms in the methane seep microbial community. Membrane vesicles, which are produced by many Gramnegative bacteria (Beveridge, 1999) have been shown to fuse with mollicute membranes (Grant and McConnell, 1973) and could represent a mechanism to deliver quinone to Izimaplasma (Bergsma et al., 1982) . Alternatively, Izimaplasma may contain an, as yet undescribed, pathway to synthesize quinone or potentially use an alternative membrane-soluble electron carrier. The expression and functionality of these enzymes can only be determined from further biochemical analysis; however, the genetic evidence does suggest that these are not pseudogenes. There are no internal stop codons or frameshifts in either operon and the Izimaplasma-associated cytochrome bd oxidase contains characteristic amino acids for quinone and heme binding (Zhang et al., 2004; Mogi et al., 2006; Yang et al., 2007) . The selective pressure for Izimaplasma to retain these electron transport complexes and their physiological role in these organisms can only be speculated. In model organisms, such as Escherichia coli, cytochrome bd oxidase functions under microaerophilic conditions to protect the anaerobic metabolism from oxygen poisoning (Borisov et al., 2011) . It may be that Izimaplasma are exposed to variable levels of oxygen in situ within the seep environment, where bioturbation and methane bubble ebullition can mix oxygenated seawater into the shallow seafloor sediments.
Here the cytochrome bd complex may serve as an efficient way for Izimaplasma to protect itself from oxygen and generate proton motive force to generate extra ATP.
The most striking difference between the two genomes was the presence of a microcompartment operon in Izimaplasma sp. HR2. Analysis of the enzymatic genes in this operon suggested that the compartment is used for the efficient metabolism of purines and pyrimidines. This proposed metabolism is unique among currently known microcompartments but there are similar features as the reaction generates acetaldehyde, which has been proposed in other microcompartments to be a toxic intermediate that requires sequestering from the cytoplasm (Kerfeld et al., 2010) . The presence of the microcompartment suggests that Izimaplasma sp. HR2 may be more efficient at metabolizing nucleic acids. A comparison with the Izimaplasma sp. HR1 genome showed that the complement of purine and pyrimidine metabolic genes is identical between the two genomes, which suggests that Izimaplasma sp. HR1 is also capable of degrading nucleic acids but this may occur at a slower rate. Electron cryomicroscopy did not reveal any discernable microcompartments in cells from the enrichment culture, however the dominant operational taxonomic unit in this mixed culture was closely related to Izimaplasma sp. HR1, which lacks the microcompartment genes. Additional genome sequencing is needed to assess how widespread these microcompartment genes are within the Iziamplasma.
The deep phylogenetic placement of Izimaplasma, basal to the Acholeplasmatales, may warrant the creation of a novel class of free-living wall-less bacteria within the phylum Tenericutes. These organisms could represent an intermediate in the reductive evolution from Firmicutes to Mollicutes. The lack of an obvious host organism suggests that cell-wall loss may have occurred before symbiotic relationships with Eukaryotes were formed. However, recent discovery of symbiotic Mollicutes of Fungi that have retained their cell wall suggests that cell-wall loss has occurred multiple times (Desirò et al., 2014; Naito et al., 2015; Torres-Cortés et al., 2015) . There is also the possibility that Izimaplasma have non-obligate symbiotic relationships with micro-eukaryotes that were undetected in the incubations or sediment samples analyzed. The successful enrichment and passage of Izimaplasma relatives from methane seep sediment incubations suggests that culturing efforts and sequencing of environmental DNA from marine sediments may result in pure culture isolates for further taxonomic classification and physiological experiments.
The metabolic reconstruction and enrichment cultivation results indicate that Izimaplasma do not directly take part in the methane and sulfur cycles that are dominant in methane seeps. Instead, members of the Izimaplasma, representing a rare member of the seep microbial community, appear to be heterotrophs engaging primarily in fermentative metabolism, consisting of simple sugars, small organic acids, arginine and possibly nucleotides generated during the degradation of organic matter. These genomic predictions enabled the design of anaerobic culture media to selectively enrich for Izimaplasma from methane seep sediments. Unlike previously described mollicute genomes, Izimaplasma contain homologs to cytochrome bd and to complex I that may form a simplified electron transport chain. Their predicted role in the community is likely in the fermentation of products from the degradation of organic matter to produce lactate and possibly other small molecules such as acetate or ethanol, which in turn may be utilized by other members of the methane seep microbial community.
